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Introduction
Transition metals (Cu, Fe, Ni, Co, Mn) are key components of essential metalloproteins in all living organisms. Their ubiquitous requirement mirrors the ability of cells to finely tune and regulate their chemical properties through ligand coordination in catalytic or structural metal binding sites. However, these elements become noxious for particular organisms beyond the upper level limits of the cellular requirement. In some cases, this is due to their ability to generate reactive oxygen species via Fentonlike reactions, compromising cellular structural elements [1] , or by inactivating important metabolic enzymes containing [Fe-S] clusters [2, 3] . Importantly, the orchestration of transcriptional regulators, transporters and metallochaperones allows fast and efficient influx or efflux, and the compartmentalization of these micronutrients to supply cellular demands.
In bacteria, several families of membrane proteins (importers and exporters) contribute to maintaining adequate quotas of transition metals. This assures metalloprotein synthesis by restraining levels between normal ranges. However, recent findings show that a different type of transporter can contribute to the correct trafficking and delivery of the metal to a specific metal binding site in a partner protein [4, 5] . In each case, the potential toxic effects of general protein dysfunction by mismetallation, when a transition metal is abundant, or by the lack of specific metallation, when the cognate metal is scarce, are bypassed. Both of these roles have been shown to be important in infection processes. For example, it was demonstrated that homologous Cu + -ATPases in P. aeruginosa, named CopA1 and CopA2, performed different roles participating in mechanisms that involve metal detoxification (driven by CopA1), or cytochrome c oxidase metallation (driven by CopA2), but their single deletion resulted in a similarly attenuated virulent phenotype [4] .
The cation diffusion facilitator (CDF) family transporters are polytopic membrane proteins that are key for bacterial physiology. Members of the family function as exporters of divalent metal cations and their roles in bacteria have mainly been assigned to transition metal detoxification [6, 7] . Transport mechanism studies have proposed a counter transport mechanism, driven by K + /H + electrochemical gradients and membrane potential [7] [8] [9] . Biochemical and structural works suggest that bacterial CDF transporters become functional when two monomers are linked at the cytoplasmic membrane interface by intermolecular stabilization of charges [10] . Each monomer has 6 transmembrane segments (TM), and both C-and N-terminal domains (C-NTD) are cytosolic. The αßßαß folding found in CTD resembles that observed in metallochaperones and regulatory domains, suggesting a role in regulation or metal delivery to the transport site [11] . The Xray crystal structure of the Escherichia coli YiiP CDF transporter, in the outward (metal bound) conformation, depicts 3 metal binding sites (A, B and C) [10] . Site A is important for transport and specificity [12] . In YiiP, site A is formed by two Asp in TM2 and a His and Asp in TM5, resulting in tetrahedral coordination of Zn 2+ [10] . Fe 2+ has also been proposed as the transport substrate for YiiP [7] . Sites B and C at the CTD would participate in transport or regulation. Pointing to a critical role during infectious processes, a deletion mutant of the only CDF member in Streptococcus pneumonia, MntE (Sp1555), led to decreased virulence in a mice infection model. Although a specific mechanism was not proposed, it was postulated that MntE is a Mn 2+ exporter [13] . Recent phylogenetic analyses based on amino acid sequence alignment have shown that previously characterized members with small variations, if any, in the residues participating in transport site A, result in a wide range of transported substrates. Even members of the same clade seem to transport different metals [14] . Cubillas et al. have proposed that the specificity is achieved not only within the constraints imposed by the amino acid sequence at the transport site, but also in determinants probably found at the secondary sphere of coordination. The Sinorhizobium meliloti genome has two homologous CDF genes, SMc02724 and SMc04167, of unknown transport specificity and biological roles. In order to predict the substrate specificity of SMc02724, we analyzed the protein sequence alignment, including previously characterized orthologs from available genome-sequenced organisms, vs. EcYiiP. This shows that transport site A seems to be formed by lateral chains of Glu38-Asn42 in TM2 and His136-Asp150 in TM5 ( Fig. 1 [15] . In Synechocystis PCC6803, the mutation of the ortholog gene Sll1263 caused a distortion in Fe homeostasis [16] , while overexpression of Thermus termophilus CzrB in E. coli rendered the cells resistant to Zn 2+ and Cd 2+ [17] . Most of these phenotypic analyses lack the support of biochemical data by which the direction, rate and specificity of transport could be evaluated. Moreover, it has been shown that variations in Zn 2+ levels affect intracellular Mn 2+ concentrations [18] .
In this work, we show that deletion of the gene locus SMc02724 in S. meliloti rendered the cells sensitive to Mn 2+ 
Materials and methods

Bioinformatics analyses
All sequences in the study were retrieved from the NCBI database. Alignments were performed in MUSCLE [19] , and analyzed with ESPript software [20] . E. coli YiiP and S. pneumonia MntE were included in the alignment for comparison. KEGG database nomenclature was used in Fig. 1 . The proteins that were not on KEGG were named with a twoletter key to denote their organismal origin as indicated in Fig. 1 .
Culture media, strains and mutant constructions
S. meliloti strains were cultured in TY media (0.5% tryptone, 0.3% yeast extract, 0.09% CaCl 2 ) supplemented with streptomycin 600 μg/ml. S. meliloti strain Rm1021(Str R ) and E. coli S17-1 [21] carrying the plasmid pK19mob2ΩHMB for the mutation of SMc02714 were obtained from University of Freiburg, Germany ( Table 1 ). The deletion mutant strain of gene SMc02724 (ΔsmyiiP) was generated by plasmid insertion following described protocols [22] . Briefly, freshly grown S. meliloti Rm1021 were mixed with E. coli S-17 cells bearing the plasmid pK19mobΩHMB containing the internal sequence of the gene SMc02724, named G1PELR22D11 (www.rhizogate.de (GenDB)), and then incubated overnight at 30°C on a nitrocellulose filter disk placed on top LB-agar. Conjugants were recovered from the filter and selected by plating on TY-agar supplemented with kanamycin 50-200 μg/ml. Complementation was achieved similarly by conjugation incubating the deletion mutant strain with the E. coli S-17 transformed with plasmid pCAP77-P-SMc02724 (Table 1) . Conjugants were selected on M9 minimal media with 0.4% rhamnose as the sole carbon source [23] . The deletion and complementation of SMc02724 was checked by PCR, using primers designed to amplify the locus SMc02724 (Table 2) , and purified genomic DNA as a template.
Metal sensitivity test
TY liquid cultures were inoculated at OD 600 0.1 from overnight cultures and supplemented with the desired CoCl 2 , NiCl 2 , FeSO 4 , ZnCl 2 or MnCl 2 concentration as indicated in the figures. Cells were grown 48 h and OD 600 was measured.
Manganese accumulation assay
Fifteen milliliters of liquid TY cultures in late exponential phase were supplemented with 0.5 mM MnCl 2 and incubated for 2 h. After this incubation, OD 600 nm was determined, cells harvested, and washed with 0.9% NaCl. Pellets were digested with 0.5 ml of HNO 3 (trace 
Protein expression and purification
The gene locus SMc02724 sequence was amplified using S. meliloti Rm1021 genomic DNA as a template and the primers For-NdeI-02724 and Rev-XhoI-Tev-02724 ( Table 2 ). The primers introduce NdeI and XhoI restriction sites flanking the gene and a Tobacco etch virus (TEV) protease site coding sequence at the amplicon 3′ end. The PCR product was cloned into pET23b(+) between NdeI-XhoI, which adds a six histidine tag ((His) 6 ) suitable for Ni 2+ affinity purification. All sequences were confirmed by automated DNA sequence analysis. For heterologous expression the constructs were introduced into E. coli BL21(DE3)pLysS (Invitrogen). Cells were grown till mid-log phase at 37°C in LB media supplemented with 100 μg/ml ampicillin and 33 μg/ml chloramphenicol and then induced with 0.5 mM IPTG. Cells were harvested at 4 h postinduction, washed with 25 mM Tris, pH 7.0, 100 mM KCl and stored at −70°C. Protein purification was carried out as previously described [24] . Briefly, cells were disrupted in a bead beater (GlenMills) and membranes were isolated by centrifugation. Membranes (3 mg/ml protein) were treated with 0.75% dodecyl-ß-D-maltoside (DDM) (Calbiochem) 25 mM Tris, pH 8.0, 100 mM sucrose, 500 mM NaCl, 2 mM 2-ß-mercaptoethanol, 1 mM phenylmethylsulphonyl fluoride. The solubilized membrane protein suspension was cleared by centrifugation at 163.000 g for 1 h. The (His) 6 -tagged SmYiiP protein was affinity-purified using Ni 2+ -nitrilotriacetic acid (Ni-NTA) resin (Qiagen). After washing the resin with 5-20 mM imidazole, 50 mM Tris, pH 7.4, 0.05% DDM, 2 mM 2-ß-mercaptoethanol, the protein was eluted with 200 mM imidazole in buffer C (50 mM Tris, pH 7.4, 200 mM NaCl, 0.01% DDM, 2 mM 2-ß-mercaptoethanol) and imidazole was removed by buffer exchange (buffer C) using the Ultra-5 Centricon (Millipore) filtration device. The (His) 6 -tag was removed from the proteins by treatment with a (His) 6 -tagged TEV protease [24, 25] at 1:1 mol:mol ratio for 2 h at 25°C in buffer C. The TEV-His protease was removed by affinity purification with Ni-NTA resin and SmYiiP recovered in the flow through fractions. CDF his-less proteins were stored at − 80°C in buffer D2XN (25 mM Bis-Tris-Propane, pH 6.8, 100 mM NMG-MES and 2 mM 2-ß-mercaptoethanol) plus 0.01% DDM and 10% glycerol. Protein concentration was determined by Bradford [26] and BCA [27] . The mean values obtained between methods differed in less than 5%. All purification procedures were carried out at 0-4°C, and no special precautions were taken to prevent enzyme oxidation. Purity was assessed by Coomassie Brilliant Blue staining of overloaded SDS-PAGE gels and by immunostaining Western blots with mouse anti-(His) 6 monoclonal primary antibody (Sigma) and goat anti-rabbit IgG secondary antibody (horseradish peroxidase conjugate; Promega).
Protein incorporation in liposomes, and transport assays
Liposomes were prepared as previously described [9] with modifications. Asolectin (Associated Concentrates, Inc.) was hydrated to a final concentration of 25 mg/ml in a buffer D (25 mM Bis-Tris-Propane, pH 6.8, 2 mM 2-ß-mercaptoethanol) by vigorous mixing on a vortex mixer. The suspension of multilamellar liposomes was sonicated in an ice-chilled bath sonicator until a clear lipid suspension was obtained, and then submitted to 3 freeze-thaw cycles from − 50°C to 20°C. 500 μl of liposomes were destabilized adding 100 μl of 10% Triton X-100. After 5 min incubation, 400 μl of purified SmYiiP (0.1 mg/ml in buffer D2XN) plus 0.01% DDM final concentration were added and the mix incubated for 10 min. Control liposomes were made similarly, replacing protein with same volume of buffer D2XN. The mixtures were incubated 5 min at 20°C and then detergent was removed by addition of pre-washed SM-2 Bio-beads (Bio-Rad). Bio-beads were exchanged 4 times for new ones every 15 min. The remaining Bio-beads were filtered and the volume of the sample was taken up to 8 ml with buffer DN (25 mM Bis-Tris-Propane, pH 6.8, 50 mM NMG-MES and 2 mM 2-ß-mercaptoethanol). Proteoliposomes were collected by ultracentrifugation for 100 min at 4°C and 100.000 g, and finally resuspended in 200 μl of assay buffer (25 mM Bis-Tris-Propane, pH 6.8, 50 mM NMG-MES).
Fluorescent dye encapsulation into liposomes
Calcium saturated Fluo-3 was encapsulated in proteoliposomes (or control liposomes) by the freeze-thaw method. Fresh proteoliposomes were incubated for 5 min with 200 μM Fluo-3 and 200 μM CaSO 4 at 4°C. The mix was sonicated for 10 s and subjected to one freeze-thaw cycle (−50°C to room temperature) followed by an additional 10 s sonication. To remove the residual indicator from the sample, it was passed through a Sephadex G-50 column previously equilibrated with assay buffer. Loaded proteoliposomes were recovered in the void fraction.
Transition metal transport assays
The assay mixture contained 25 mM Bis-Tris-Propane, 50 mM NMG-MES, pH 6.8 (low pH assay buffer), or 7.8 (high pH assay buffer) to create a transmembrane H + gradient, and proteoliposomes (0.1-1 mg/ml protein). Metal uptake was initiated by the addition of 20 μM of the studied transition metal as the sulfate salt. For Fe 2+ transport assays 0.25 mM ascorbic acid was included in the buffer. The excitation wavelength used was 485 nm and emission was measured at 535 nm. Maximal quenching (F max ) was obtained after disrupting the proteoliposomes with 0.1% SDS plus 2 mM metal. Data was plotted as −ΔF/F max and control traces were subtracted in each case. Control liposomes showed a stable signal before and after metals were added, indicating that Ca-Fluo-3 does not undergo light quenching and that the complex remains entrapped throughout the assay. None of the reagents in the assay media produced detectable fluorescence quenching. Determinations were performed at 25°C.
Nodulation assays
Medicago sativa seeds (alfalfa cv. Monarca obtained from Instituto Nacional de Tecnología Agropecuaria, Argentina) were surfacesterilized for 10 min with 20% (v/v) commercial bleach (equivalent to 55 g/l active Cl 2 ) followed by six washes with sterile distilled water. Surface-sterilized seeds were germinated inside a glass petri dish covered with cotton and filter paper. Three-day-old seedlings were aseptically planted in vermiculite pots watered sequentially with nitrogen-free Fåhraeus-modified mineral solution [28] and sterile distilled water. Plants were inoculated with exponentially grown S. meliloti strains (1.10 6 cfu/plant). The plants (n = 20) were cultured in a growth chamber at 25°C with a 16/8 h photoperiod. After 28 days of growth, nodules were counted and examined and whole plants were harvested and air-dried in an oven at 70°C for at least 48 h and the dry weights were registered. The average number of nodules per plant and the average dry weight for each treatment were obtained.
Results
SmYiiP is required for Mn 2+ homeostasis in S. meliloti
Bacterial CDF transporters are involved in transition metal homeostasis driving their cytosolic efflux to external compartments [6] . Genome analysis of S. meliloti shows two paralogous genes coding for CDF transporters, SMc02724 and SMc04147. Recent bioinformatics studies have shown that orthologs of SMc04147 are involved in Co 2+ and Ni 2+ homeostasis in S. etli [14] . The same analysis predicts broad transport specificity for SMc02724. However, in D. radiodurans, the ortholog gene DR_1236 is responsible only for Mn 2+ homeostasis [15] .
To evaluate the role of SMc02724 in S. meliloti, the deletion mutant ΔsmyiiP was generated and its sensitivity to Co (Fig. 3A) .
In S. pneumonia deletion of MntE led to Mn 2+ accumulation and decreased ROS sensitivity [13] . To test a similar effect we compared the survival rates of WT and Δsmyiip strains in presence of H 2 O 2 and observed no differences (Fig. 3B, empty symbols) . Pre-incubation of cells with a sub-lethal Mn 2+ concentration of 0.5 mM for 2 h before the H 2 O 2 addition resulted in similar survival rates between the Δsmyiip and the WT strain (Fig. 3B, filled symbols . Thus, to avoid any interference in the uptake assay, a TEV site was inserted between the protein sequence and the (His) 6 -tag to remove it via TEV-(His) 6 -tagged protease treatment. After the treatment, the (His) 6 -less SmYiiP was re-purified by reversed Ni-NTA purification (Fig. 4A) . Protein analysis by Coomassie blue staining and Western blot showed that the protein recovered in the flowthrough corresponds to the (His) 6 -less version of SmYiiP, as an anti- (His) 6 antibody was unable to detect it (Fig. 4A, lanes 2 and 4) . SmYiiP was then incorporated into asolectin liposomes to evaluate its transport activity and functionality. To detect divalent metal uptake into the liposomes, these were loaded with 200 μM of Fluo-3 and 200 μM of Ca 2+ . Untrapped dye was removed by molecular filtration using Sephadex G-50, and the quenching of fluorescence of the Ca-Fluo-3 complex was followed using λ exc = 485 nm and λ em = 535 nm, before and after the addition of each candidate metal to the liposomes. A similar approach was used to detect Nramp-mediated Mn 2+ , Co 2+ and Fe
2+
import in human cells [32] , based on the quenching of the emission signal of a fluorescent dye saturated with Ca 2+ when this is displaced by a transition metal with a higher stability constant (i.e., K d Ca-Fluo-3 = 400 nM vs. K d Mn-Fluo-3 = 7nM). Fig. 4 shows the steady state fluorescence quenching mediated by the addition of 20 μM metal plotted as the -ΔF/F max . Fluorescence traces in liposomes with no protein were subtracted in each case. A higher rate of quenching of the CaFluo-3 emission signal was observed upon addition of all candidate metals under the no H + gradient condition (pH 6.8 inside, pH 6.8 outside) (Fig. 4B-F, filled symbols) . It is accepted that CDF mediated metal transport in vivo is coupled to the down-hill transport of H + .
Therefore, a ΔpH metal dependent transport would represent the cellular scenario revealing probably a preference for a metal candidate as the transported substrate. We first tested the ΔpH stability across liposomes (pH 6.8 inside, pH 7.8 outside). In our assay conditions we observed no changes in the fluorescent pyranine emission signal meaning that the ΔpH remains steady ( Supplementary Fig. 1 ) until the metal uptake reaction was started. Surprisingly, the Mn 2+ uptake rate was increased in the high pH assay buffer (pH 6.8 inside, pH 7.8 outside) (Fig. 4B 
SmYiiP is required for full nodulation capacity
It has previously been demonstrated that intracellular Mn 2+ is key in S. meliloti to avoid nodule senescence [33] , and that its ion levels could affect initial stages of infection [34] . In order to promote nodulation in alfalfa roots, S. meliloti has to overcome redox stress imposed by the plant to colonize the roots [35] . To test the role of SmYiiP in nodulation, 2-3 day old alfalfa seedlings were inoculated with 1.10 6 cfu/plant of S. meliloti WT, ΔsmyiiP or ΔsmyiiP rhaS::P-smyiiP. Fig. 5A shows the number of nodules at 28 dpi. There was a decrease in the number of nodules in plants infected with the strain ΔsmyiiP, which correlated with a lighter weight and a smaller plant size shown by these plants compared to WT and the complemented strain ΔsmyiiP rhaS::P-smyiiP ( Fig. 5B and C) . Whether the phenotype observed is the consequence of non-functional senescent nodules (fix-) or of defective bacterial infection (nod-) requires further investigation.
Discussion
The functional roles of bacterial CDF family members have been assigned to transition metal homeostasis [6, 7] . Previous findings, such as decreased resistance to a specific transition metal and its intracellular accumulation in strains lacking functional CDFs, led to this proposition. Mechanistically, it is hypothesized that transmembrane transport is driven by conformational changes induced by the cognate metal when bound to the transport site and the presence of H + gradient [10, 11] .
Although the capacity to transport specific metals has been proven to be linked to structural factors, such as the geometry of coordination at the entry, transport and exit sites of the transporter, other determinants for specificity might be present in the transport mechanism prior to the metal binding to the transporter. The observed transport in the absence of H + gradient suggests that the unspecific metal binding is thermodynamically and kinetically possible, but this is not translated to functionality in vivo. As mentioned, not only the binding of these metals to the regulatory sites (Site B and C), but also the possible physical interactions of the transporter with specific metal pools via small chelating compounds or metallochaperones seem to contribute to achieving the specificity for Mn 2+ observed in vivo.
An important experimental evidence highlights the fact that proton countertransport is determinant to attain specificity. Only the transport rate of Mn 2+ was increased in the presence of a H + gradient, while the transport rate of the other metals remains unchanged (Fig. 4) . A recent structural study of the E. coli CDF member indicates that different H + concentrations across membrane promotes conformational changes in TMD assuring the substrate vectorial transport [36] . In a similar fashion asymmetric H + concentrations might induce conformational changes to attain Mn 2+ binding to the transport site.
Transition metals, and consequently metal transporters, play an essential role in biological nitrogen fixation (BNF), and even more in the rhizobium-legume symbiosis. They are cofactors of the enzymatic machinery directly responsible for BNF (nitrogenase, ferredoxin, etc.), and of many of the enzymes directed to reactive oxygen species (ROS) control. However, very little is known about the role of bacterial metal transporters in BNF. Early stages of infection are highly dependent on ROS generation in the plant [33, 35] and transition metals are likely involved in ROS generation in plants, as well as in ROS clearance in bacteria. Although there is little evidence, transition metals could be part of environmental factors altering the establishment of the rhizobium-plant symbiosis [34] .
Our results indicate that SmYiiP activity maintains cytosolic Mn 2+ levels compatible with cell growth. In S. pneumonia, accumulation of intracellular Mn 2+ due to the lack of function of the CDF transporter MntE played a protective role against ROS [13] . In our hands, the resistance to ROS of the ΔsmyiiP strain was similar to that of the WT even in presence of Mn
2+
.
It is also likely that the lack of function of SmYiiP affects important initial steps during the S. meliloti-plant recognition phase, or later, the physiological metabolism in the bacteroid inside nodules. A decrease in the number of nodules was found in plants inoculated with ΔsmyiiP and, although the morphological appearance of nodules was normal compared to those induced by WT, we cannot discard a reduction in their functionality. It has been noted that Mn 2+ -limited rhizobial cells were most effective in hair root adhesion [34] . Thus, we speculate that 3) . After TEV protease treatment (His) 6 -less SmYiiP was obtained by reversed Ni-NTA affinity chromatography in the flow-through fraction (lanes 2 and 4) and incorporated in liposomes for metal transport measurement. CBB, Coomassie brilliant blue staining; WB-Anti-(His) 6 , Western blot with monoclonal anti-(His) 6 tag. Metal transport was measured in the presence (pH 6.8 inside, pH 7.8 outside; empty symbol) or absence (pH 6.8 inside, pH 6.8 outside; filled symbol) of a H + diffusion gradient by the addition (as sulfate) of (B) Mn a subtle increase in cytosolic Mn 2+ in ΔsmyiiP interferes with signaling for infection at the early stages. Although in our experimental condition no exogenous Mn 2+ was added other than that contained in the Fåhraeus solution, it has been shown that a significant amount of Mn found in vermiculite might become available as micronutrient for soil growing bacteria [37] . Indicating the importance of Mn 2+ at the last stages of infection, ABC-family importers involved in Mn 2+ uptake were reported to occur in bacteroid cells [33] .
Conclusions
The present study demonstrated the participation of the S. meliloti 
